Changes in semen quality and morphology of the male reproductive tract were studied throughout the year in the highly promiscuous tammar wallaby. Body size, semen quality and gross morphology of the reproductive organs were assessed in adult males each month from January to November. The mean weight of males was similar in most periods sampled, but males were slightly heavier in the minor (P < 0.05) than the non-breeding season. Since body weight was correlated with weights of the testes, epididymides and accessory sex glands, organ weights were adjusted for body weight in subsequent analyses. In the major breeding season (late January/early February), when most females go through a brief, highly synchronized oestrus, the testes, prostate, Cowper's glands, crus penis and urethral bulb were heaviest, volume and coagulation of ejaculates were greatest, and sperm motility had increased. Semen samples collected by electroejaculation at this time contained low numbers of spermatozoa, possibly as a result of dilution and entrapment by the seminal coagulum or depletion of epididymal stores during intense multiple mating activity. In the non-breeding season (late May -July), when mating does not normally occur in the wild, there was a significant decrease in the relative weight of nearly all male reproductive organs and a decline in most semen parameters. In the minor breeding season (September -November), when pubertal females undergo their first oestrus and mating, the weights of testes, epididymides and most accessory sex glands had significantly increased similar to those of males in the major breeding season. The total number and motility of ejaculated spermatozoa were highest during this period, but the volume and coagulation of ejaculates and weight of the prostate had only increased to levels that were intermediate between the major and non-breeding seasons. Ejaculate volume was strongly correlated with prostate weight, and % motile spermatozoa was strongly correlated with epididymis weight. Semen quality thus varied seasonally with changes in androgendependent reproductive organs in the male tammar wallaby and appeared to be influenced by the seasonal timing of oestrus in females. Semen quality may also improve in response to an increase in the number of available oestrous females. 
Introduction
In seasonally breeding mammals, the male reproductive system responds to changes in photoperiod (Hoffmann 1973 , Lincoln & Short 1980 , Gemmell 1991 , Holloway & Geiser 1996 . In other species, such as the tammar wallaby and kowari, seasonal reproduction in males is controlled by the reproductive status of females (Catling & Sutherland 1980 , Fletcher 1984 .
In most seasonally breeding marsupials, circulating testosterone and prostate size increase during the breeding season (Inns 1982 , Todhunter & Gemmell 1987 , TyndaleBiscoe & Renfree 1987 , Woolley 1990 , Curlewis 1991 , Hamilton et al. 2000 . However, patterns of seasonal changes in testis size and spermatogenesis vary. In the brushtail possum (Trichosurus vulpecula), Virginian opossum (Didelphis virginiana), Northern brown bandicoot (Isoodon macrourus), the white-belly opossum (Didelphis albiventris) and the Southern hairy-nosed wombat (Lasiorhinus latifrons) there is no seasonal change in testes size or spermatogenesis (Gilmore 1969 , Winegarner 1982 , Todhunter & Gemmell 1987 , Nogueira 1988 . Conversely, in the ringtail possum (Pseudocheirus peregrinus), greater glider (Petauroides volans), feathertail glider (Acrobates pygmaeus) and stripe-face dunnart (Sminthopsis macroura), testicular regression occurs in the non-breeding season and spermatogenesis is reduced or arrested (Hughes et al. 1965 , Smith 1969 , Ward & Renfree 1988 , Taggart et al. 1997 .
Only one previous study ) has reported seasonal changes in semen characteristics in any marsupial. In the Southern hairy-nosed wombat and in many eutherian species, season has a distinct influence on semen volume and quality. Seasonal variation in these characteristics is positively correlated with plasma testosterone levels and the size of testes and accessory glands (Mickelsen et al. 1981 , Brown et al. 1991 , Monfort et al. 1993 , Swanson et al. 1996 , Smith et al. 1999 , Ciereszko et al. 2000 , Goeritz et al. 2003 . Thus, high quality semen is associated with increased circulating testosterone and enlarged testes and accessory sex glands during the breeding season.
The tammar wallaby (Macropus eugenii) is a seasonally breeding macropodid marsupial in which over 80% of females give birth and undergo postpartum oestrus synchronously during the major breeding season in late January/early February (Renfree & Tyndale-Biscoe 1973 , Flint & Renfree 1982 . Within 1 h of birth, oestrous females mate with multiple competing males (Renfree et al. 1989 , Rudd 1994a but the resulting embryo remains in diapause for 11 months, reactivating after the summer solstice (late December), so that the subsequent birth occurs in the next major breeding season. Female offspring born in January/February leave the pouch permanently in October/November (spring). A second minor period of mating occurs at this time when these females enter their first oestrus (Williams et al. 1998 ) but births in these females are delayed by seasonal diapause until January/February.
In male tammars, luteinizing hormone (LH) and testosterone change seasonally, with an abrupt increase about 2 weeks before mating at a time coinciding with mid pregnancy and the start of the first follicular phase of the new breeding season (Catling & Sutherland 1980 , Flint & Renfree 1982 . However, testosterone remains unchanged in males isolated from females (Catling & Sutherland 1980) or exposed to cycling females after olfactory bulbectomy (McConnell et al. 1984) . This suggests that the seasonal changes in males may be mediated by pheromones (McConnell et al. 1984 ) associated with increases in progesterone and oestradiol in females shortly after the summer solstice (Flint & Renfree 1982 , Tyndale-Biscoe & Renfree 1987 .
Prostate and Cowper's gland weights increase significantly during the major breeding season in the tammar and a smaller, but significant, rise in testosterone concentration and prostate weight occurs in October/November during the minor breeding season in the wild (Inns 1982) . However, the weight of testes and epididymides and the diameter of the seminiferous tubules remain unchanged (Inns 1982) and, as in most macropodids, spermatogenesis and fertile mating can occur year round (Hearn 1975 , Inns 1982 , Tyndale-Biscoe & Renfree 1987 . However, the effects of seasonal changes in the male reproductive tract on the quality and quantity of spermatozoa and seminal plasma have not been examined. The aim of this study was, therefore, to investigate seasonal changes in semen quality in relation to changes in the weight of testes, epididymides and accessory glands.
Materials and Methods

Animals
One hundred and fifty-six reproductively mature male tammar wallabies (Macropus eugenii) with a body weight . 5 kg or head length . 109 mm (Inns 1982 , Rudd 1994a were used in this study, of which 126 were caught in the wild (Kangaroo Island, SA, Australia) and 30 were from a captive colony maintained under natural seasonal conditions in Wantirna, Vic., Australia (Table 1) . Seventy-one males were directly sampled during 2000 and 2001. Additional data from 1993 to 2005 were obtained from records kept of males shot in the wild for other studies (n ¼ 57), and from males used for semen collection in artificial insemination experiments during 2001 to 2003 (n ¼ 28) . Body weight, head length, pes length and scrotal width of males were measured as previously described (Rudd 1994a) , semen samples were collected and their reproductive tracts dissected. Plasma testosterone was not assessed in this study because extensive handling of male macropodids (as required for semen collection) causes a rapid decline in plasma testosterone concentration (Lincoln 1978) . Samples were collected in January and February (major breeding season), March and April (post-major breeding season), May, June and July (non-breeding season) and September, October and November (minor breeding season). Additionally, semen samples were collected on more than one occasion during the year from seven captive males.
Males were anaesthetized with an intra-muscular dose of tiletamine and zolazepam (50 mg Zoletil 100; Virbac Pty. Ltd, Peakhurst, NSW, Australia) and maintained with 2 -5% isoflurane (Abbott Australasia Pty. Ltd, Kurnell, NSW, Australia) in 1 litre/min oxygen for semen collection and then killed by intra-cardiac injection of 16 ml sodium pentobarbitone (60 mg/ml; Abbott Australasia Pty. Ltd). All experiments were approved by the Animal Experimentation Ethics Committees of the University of Melbourne.
Semen collection and assessment
Semen (n ¼ 70) was collected by electroejaculation in all breeding seasons (Table 1) . In an effort to prevent coagulation of semen post-ejaculation, samples were collected directly into sterile 50 ml conical tubes (Becton Dickinson Labware, Franklin Lakes, NJ, USA) containing 10 ml pre-warmed (35 8C) Dulbecco's modified Eagles' media containing 20 mM HEPES and 4.5 g/l glucose (Thermo Trace Ltd, Noble Park, Vic., Australia) supplemented with 4% (v/v) fetal bovine serum (FBS) and 50 IU/ml, 50 mg/ml penicillin and streptomycin (Pen/Strep; both from Thermo Trace Ltd), or Earle's minimal essential media containing 25 mM HEPES (Invitrogen Corp., Mulgrave, Vic., Australia) supplemented with 4% (v/v) FBS and 50 IU/ml, 50 mg/ml Pen/Strep.
Ejaculate volumes were measured, and coagulation (which did occur in the presence of media) was assessed using a 0 -3 scale where 0 ¼ no coagulation/complete mixing with media and 3 ¼ solid plug formation/no mixing with media. Samples were maintained at 35 8C for 10 min to allow spermatozoa to migrate from the plug (if present) into the medium fraction. The medium fraction was then assessed for % motile spermatozoa, motility rating (0 -4 scale), sperm motility index (0 -400 scale), and concentration and total number of spermatozoa in the ejaculate .
Collection and measurement of reproductive tracts and effects of fixation
Male reproductive tracts (n ¼ 95) were collected in all seasons except the post-major breeding season (Table 1) . Testes and epididymides were dissected free of the scrotal sac and tunica vaginalis, and the remaining parts of the reproductive tract were removed within 10 min of death (Fig. 1) . All testes and epididymides were fixed for 1 week in Bouin's fixative (Hopwood 1990 ) before being transferred to 70% (v/v) ethanol. Prostates, Cowper's glands, urethral bulbs and crus penis were fixed in 10% (v/v) neutral buffered formalin (NBF), except for ten of 19 samples from the non-breeding season that were fixed in Bouin's fixative.
All reproductive organs were dissected and weighed individually after fixation and, in the case of paired organs (testes, epididymides, three Cowper's glands, crus penis and urethral bulb; Fig. 1 ), the mean weight was used in subsequent analyses. In order to determine the extent of shrinkage after fixation, the prostate and each testis still attached to the epididymis was weighed fresh and again after fixation from samples collected in January, October and November. Prostate weight (fresh 52.6^6.0 g vs fixed 48.8^5.5 g; both n ¼ 26) was reduced by 6.3^1.0% (n ¼ 26) after fixation in 10% NBF and the weight of the testis still attached to the epididymis (fresh 23.4^0.6 g vs fixed 20.5^0.5 g; both n ¼ 33) was reduced by 12.2^0.2% (n ¼ 33) after fixation in Bouin's fixative. Fresh and fixed weights were highly correlated for both the prostate and testis still attached to the epididymis (both r ¼ 0.997; P , 0.001; n ¼ 31 and n ¼ 33 respectively), hence only fixed organ weights were used for subsequent analyses (Fig. 3 ). To enable a comparison between prostates, Cowper's glands, urethral bulbs and crus penis fixed in Bouin's fixative (ten samples from the non-breeding season) and those fixed in 10% NBF (all other months), the weight of Bouin's fixed organs was corrected to NBF weights by conversion to the original fresh organ weights, then to NBF weights using the mean % weight reduction rates above.
Statistical analyses
Values are presented as means^S.E.M. Raw data were analysed for normal distribution, equal variance and the presence of outliers (Quinn & Keough 2002) . Data for prostate weight, ejaculate volume, sperm concentration and total number of spermatozoa were log 10 transformed Values not sharing the same letter within rows (body weight, head length and pes length) were significantly different (P , 0.05). S, semen; T, reproductive tract. * Absolute values (before ANCOVA seasonal comparison using body weight as a co-variate).
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Reproduction ( and % motile spermatozoa and motility rating were reflected then log 10 transformed to normalize the sample data (Quinn & Keough 2002) . Parameters were grouped into major breeding season (January/February), post-major breeding season (March/April), non-breeding season (May/June/July) and minor breeding season (September/ October/November).
Before comparisons, each parameter was tested for a relationship with body weight. Differences in each parameter between captive and wild animals within each season were compared and, as differences were not significant, data from captive and wild animals were pooled. Differences between breeding seasons were then compared. Unbalanced analysis of covariance (ANCOVA) Figure 1 Anatomy of the reproductive tract of the male tammar wallaby. (a) Dorsal view of whole tract, (b) dorsal and (c) ventral view of accessory glands, and (d) testes and epididymides. Ag, accessory glands; Bl, bladder; Cg, Cowper's gland; Cp, crus penis; E, epididymis; Pe, penis; Pr, prostate; R, rectum; Te, testis; Ub, urethral bulb. Scale bars, 1 cm.
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using body weight as a co-variant was used for comparisons in those parameters in which a significant relationship with body weight was detected. Unbalanced ANOVA was used for comparisons in all other parameters. Where relevant, the body weight adjusted mean for each parameter for each season was obtained from the adjusted least squares mean of the ANCOVA output based on the formula (Quinn & Keough 2002) :
The standard error of the adjusted means was calculated manually based on the formula (Quinn & Keough 2002) :
Where i is the breeding season (major, post-major, nonand minor); y i is the mean of each parameter for group i; x i is the mean body weight for group i; x is the mean body weight for the total samples; b is the estimate of the within-group regression co-efficient relating Y to X; MS residual is the mean square of the error term from the ANCOVA output; and SS residual(x) is the sum of squares of the error term from a separate ANOVA on body weight.
Relationships between different parameters were tested by pair-wise Pearson correlations (or pair-wise Spearman correlations for coagulation rating and motility rating). Significance was determined with post hoc pair-wise Bonferroni tests, except for Spearman correlations in which r , 0.3 was considered unrelated (Quinn & Keough 2002) . Post hoc pair-wise Tukey's tests were used for breeding season comparisons. Probabilities , 0.05 were considered to be significant. Analyses were conducted using SYSTAT 9.01 software (Systat Software Inc., Point Richmond, CA, USA).
Results
Size of males
Mean head length (112.8^0.4 mm; n ¼ 99) and pes length (152.0^0.5 mm; n ¼ 73) of adult males did not differ significantly over the sample period (Table 1) . For body weight (overall mean 6.8^0.1 kg; n ¼ 155) there was a small but significant difference between animals sampled in the minor and non-breeding seasons (Table 1) . To correct for this, ANCOVA with body weight as a co-variate was used for comparisons in those parameters in which a significant body weight relationship was detected.
Relationship between body weight and morphology of the reproductive organs Body weight was significantly correlated with the weight of the reproductive organs including the testis (r ¼ 0.591; n ¼ 92), epididymis (r ¼ 0.669; n ¼ 67), Cowper's glands 1 (r ¼ 0.406; n ¼ 53) and 2 (r ¼ 0.267; n ¼ 55), crus penis (r ¼ 0.582; n ¼ 51) and urethral bulb (r ¼ 0.394; n ¼ 55), and also with scrotal width (r ¼ 0.524; n ¼ 94). Prostate weight was only significantly correlated with body weight in the minor breeding season (r ¼ 0.342; n ¼ 34). Body weight was not correlated with Cowper's gland 3 weight or any semen parameters (P . 0.05).
Seasonal changes in semen
All semen parameters had a significant seasonal variation, with the lowest values generally during the non-breeding season (Fig. 2) . Ejaculate volumes were significantly larger during the major breeding season (8.9^1.2 ml) than all other seasons and were intermediate between major and non-breeding volumes during the minor breeding season (5.0^0.7 ml). The ejaculate had a significantly higher coagulation rating during the major and post-major breeding seasons (both 2.0^0.2) than in the non-breeding season (0.8^0.4). The concentration of spermatozoa was lowest in the major and post-major breeding seasons (45.3^14.3 £ 10 6 and 62.2^14.0 £ 10 6 spermatozoa/ml) and increased significantly in the minor breeding season (375.5^176.8 £ 10 6 spermatozoa/ml). The total number of spermatozoa ejaculated had a similar seasonal pattern; however, sperm numbers in the minor breeding season (1028.0^229.0 £ 10 6 sperm per ejaculate) were significantly higher than all other seasons. The % motile spermatozoa was significantly higher in the post-major and minor breeding seasons (91.5^2.1 and 94.2^1.0%) than the non-breeding season (77.0^5.0%). Motility rating was significantly higher in the minor breeding season (3.8^0.1) than all other seasons, while the sperm motility index was significantly higher in the major and minor breeding seasons (255.1^7.2 and 303.9^8.9) than the non-breeding season (192.9^23.9).
Ejaculate volume and coagulation rating were positively correlated (r ¼ 0.413; n ¼ 70) and both were negatively correlated with sperm concentration (r ¼ 2 0.313 and 2 0.374; both n ¼ 67). As expected, sperm concentration and total sperm number had a strong positive correlation (0.862; n ¼ 67), and both were positively correlated with motility rating (r ¼ 0.496 and 0.519 respectively; both n ¼ 67) and sperm motility index (r ¼ 0.375 and 0.440 respectively; both n ¼ 65) but not % motile spermatozoa (P . 0.05). Similarly, % motile spermatozoa was positively correlated with motility rating (r ¼ 0.340; n ¼ 65) and sperm motility index (r ¼ 0.556; n ¼ 65), and motility rating and sperm motility index were strongly correlated (r ¼ 0.817; n ¼ 65).
Seasonal changes in reproductive organs
Reproductive tracts were not collected in the post-major breeding season and all organs that had a significant correlation with body weight were adjusted for body weight. All male reproductive organs varied significantly across breeding seasons, with the lowest values during the non-breeding season (Fig. 3) . The weights of the testis and epididymis as well as the scrotal width were significantly lower in the non-breeding season (13.3^0.7 g, 3.2^0.2 g and 54.0^1.1 mm respectively) than the minor (16.2^0.5 g, 3.7^0.1 g and 60.6^0.7 mm respectively) and also, for testis weight and scrotal width, the major (16.7^0.4 g and 61.8^0.7 mm respectively) breeding seasons. The greatest seasonal change was seen in the prostate, where there was a fivefold change in average weight between the non-breeding season (14.7^2.1 g) and the main breeding season (74.5^6.6 g). 
g).
Testis weight was significantly correlated with scrotal width (r ¼ 0.909; n ¼ 69) and the weights of all male reproductive organs including the epididymis (r ¼ 0.789; n ¼ 67), prostate (r ¼ 0.489; n ¼ 77), Cowper's glands 1, 2, 3 (r ¼ 0.571, 0.583 and 0.656; n ¼ 51, 53 and 53 respectively), crus penis (r ¼ 0.689; n ¼ 49) and urethral bulb (r ¼ 0.583; n ¼ 53).
Relationship between semen and reproductive organ parameters
With the exception of Cowper's gland 2, both ejaculate volume and coagulation rating were positively correlated with testis, epididymis, prostate and Cowper's gland weights (Table 2) . Ejaculate volume was most strongly correlated with prostate weight. In contrast, sperm concentration had the strongest negative correlation with prostate weight and was also negatively correlated with the weights of Cowper's glands 1 and 3. The % motile spermatozoa was positively correlated with the weight of all Figure 2 Changes in semen quality (means^S.E.M.) across the major (January/February), post-major (March/April), non-(May-July) and minor (September -November) breeding seasons in male tammar wallabies. Parameters include ejaculate volume, sperm concentration, total number of spermatozoa ejaculated, semen coagulation rating, % motile spermatozoa, motility rating and sperm motility index. A, B and C, values not sharing the same letter within each graph were significantly different (P , 0.05). The number of males is shown in parentheses.
reproductive organs, but most strongly with epididymis weight. Total sperm number, motility rating and sperm motile index were not correlated with the weights of any reproductive organs.
Discussion
This study has shown that seasonal changes occur in most semen parameters in parallel with seasonal changes in the weight of the reproductive organs, with highest values during the breeding seasons and lowest values during the non-breeding season in the male tammar wallaby. However, sperm concentration was lowest and total number of ejaculated spermatozoa was low in the major breeding season when all other parameters were greatest. The reason for this unexpected reduction in sperm output is not clear but may be influenced by dilution in large volumes of seminal fluid and entrapment in strongly coagulated ejaculates that are present at this time. The weights of the prostate and epididymis were most strongly correlated with ejaculate volume and % motile spermatozoa respectively. Changes in semen quality and morphology of the male reproductive tract parallel the seasonal breeding activity in the female and may reflect the number of available oestrous females or level of intermale pre-and post-copulatory competition.
Spermatogenesis is generally regarded as continuous in macropodids (Tyndale-Biscoe & Renfree 1987) , and tammar spermatozoa are motile year round (Hearn 1975), a finding confirmed by our study. However, we found the proportion of motile spermatozoa and their motility rating increased significantly during the times of year when breeding occurred. This was associated with increased weight of all reproductive organs, as well as increased sperm number and concentration observed in the minor breeding season. As in other mammals, spermatozoa acquire the capacity for motility in the epididymis in the tammar (Jones et al. 1984 , 1988 , Jones 1989 and motility increases as the number of structurally mature spermatozoa increase in the corpus and caudal regions (Jones et al. . In many seasonally breeding eutherians, increased testosterone levels and testis and epididymis size in the breeding season are accompanied by improved sperm morphology and increased sperm motility (Mickelsen et al. 1981 , Brown et al. 1991 , Monfort et al. 1993 , Smith et al. 1999 , Goeritz et al. 2003 . Thus, in the tammar it is likely that elevated testosterone in the breeding season(s) results in an increase in the proportion of functionally mature and highly motile spermatozoa. In addition, there is an androgen-dependent increase in the volume and concentration of macropodid accessory sex gland secretions in the seminal plasma that provide an energy source for sperm metabolism and motility (Rodger & Hughes 1973 , Hearn 1975 , Rodger & White 1975 , Murdoch & Jones 1998 . This may explain the strong correlation observed between % motile spermatozoa and all reproductive organs examined.
Our study found a seasonal variation in testis and epididymis weight and scrotal diameter which is consistent with observed seasonal changes in testosterone and LH (Catling & Sutherland 1980) . Seasonal change in testis size also occurs in the Bennett's wallaby (Macropus rufogriseus rufogriseus) and musky rat-kangaroo (Hypsiprymnodon moschatus) (Curlewis 1991, Dennis & Marsh 1997), but was not detected in previous studies in the tammar (Hearn 1975 , Inns 1982 . These tammar studies, however, did not adjust their analyses to correct for variations in body weight of the males used. Inns (1982) gathered data from sexually mature males shot in the wild with testes ranging from 8 to 27 g. Hearn (1975) used males ranging from 5 to 6.5 kg. Since testis size and body weight are correlated (Harcourt et al. 1981 , Kenagy & Trombulak 1986 , this study) and both increase with age in male tammars (Inns 1982) , small seasonal variations in organ weight can easily be undetectable because of substantial between-animal variation in body weight unless the data are adjusted accordingly. As seminiferous tubule diameter is unchanged in the tammar (Inns 1982) , changes in the size and activity of the Leydig cells (Jones 1989) are the most likely explanation for the seasonal changes in the size of the testis as recorded in the white-belly opossum (Queiroz & Nogueira 1992) and in the swamp wallaby (J Paplinska, unpublished observations). Further studies are needed to confirm this histologically.
Ejaculates were largest and had the highest coagulation rating during the major breeding season in our study when all male reproductive organs were heaviest. By the non-breeding season, ejaculate volume had decreased sixfold and prostate weight had decreased fivefold. Both then rose to intermediate levels in the minor breeding season. This strong correlation is explained by the fact that in macropodids the prostate gland contributes the bulk of the seminal plasma and the prostatic bodies that cause coagulation (Rodger & Hughes 1973 , Rodger & White 1975 , Tyndale-Biscoe & Rodger 1978 and prostate weights vary seasonally in the tammar, Bennett's and swamp wallabies (Inns 1982 , Curlewis 1991 observations). Likewise, in roe deer and the Southern hairy-nosed wombat, ejaculate volume and prostate size are also greatest during the time of peak sexual activity (Goeritz et al. 2003 . Semen production and output in mammals is influenced by a variety of factors, including testis size and spermatogenic activity, storage capacity of the epididymis, frequency of ejaculation and depletion of sperm stores, and change in the fluid volume of the ejaculate. The low concentration and total numbers of ejaculated tammar spermatozoa during the major breeding season may be due to a combination of dilution, coagulation and possibly depletion of spermatozoa. Sperm dilution occurs during the breeding season in the pig, another species that produces large ejaculate volumes (Ciereszko et al. 2000) . Thus, the dramatic increase in accessory sex organ weights in the major breeding season relative to the nonbreeding season and associated sixfold increase in ejaculate volume may account for the threefold decrease in sperm concentration in the ejaculate.
However, the low total numbers of spermatozoa at this time, when ejaculates are most coagulated, suggest other factors are also involved. In macropodids, semen coagulates to form a copulatory plug which is thought to be a barrier in the female reproductive tract to the migration of spermatozoa from rival males (Tyndale-Biscoe & Rodger 1978 , Taggart et al. 1998 . In earlier studies, ejaculated tammar semen coagulated and spermatozoa became entrapped in clumps around the prostatic bodies (Rodger & White 1975 , 1978 . Although attempts were made to collect semen directly into media, this did not prevent coagulation of ejaculates in our study. Thus, our method of assessing total numbers of spermatozoa during the major breeding season may have been affected by the coagulum, resulting in an underestimation of the total numbers, since spermatozoa trapped in the plug would not have been counted.
The decrease in sperm numbers detected in the major breeding season may also be due, at least in part, to depletion of epididymal sperm reserves during the intensive period of mating, as reported in other highly promiscuous species (Westneat et al. 1998 , Preston et al. 2001 . In two other kangaroo species in which semen coagulation occurs, the unusually low numbers of spermatozoa found in ejaculates of larger males were thought to be due to excessive sexual activity or to age-related reduced fertility (Sadleir 1965) .
Tammars have a promiscuous mating system, malebiased sexual dimorphism, large relative testis mass, mateguarding behaviour and presence of copulatory plugs, all characteristics typical of species where sperm competition occurs (Huck et al. 1989 , Taggart et al. 1998 . Larger males have greater paternity success in many species through physically superior competition for access to females for mating or superior fecundity (Huck & Banks 1982 , Gullberg et al. 1997 , Fisher & Lara 1999 . The tammar wallaby appears to benefit in both ways. Dominant males tend to be larger, mate first with oestrous females and guard them post-copulation (Renfree et al. 1989 , Rudd 1994b ) and heavier males have heavier reproductive organs, which in turn are associated with a greater volume and coagulation of ejaculates and a higher proportion of motile spermatozoa (this study). Larger testis size has also been linked to high rates of sperm production in mammals (Harcourt et al. 1981 , Kenagy & Trombulak 1986 ). However, larger body size, mating first and mate guarding the female are only moderate predictors of paternity success in male tammars (Ewen et al. 1993 , Hynes et al. 2005 .
In tammars, females may be mated repeatedly and their tracts may contain up to 200 g coagulated semen resulting from matings by several males (Tyndale-Biscoe & Rodger 1978 , Paris et al. 2004 . This large seminal plug is thought to keep spermatozoa in proximity to the cervices, prevent loss from the tract, or provide a barrier to the migration of spermatozoa from other males (Tyndale-Biscoe & Rodger 1978 , Taggart et al. 1998 . Recently, the function of the copulatory plug as a sperm reservoir or to prevent sperm loss has been discounted in the tammar (Paris et al. 2004) . Although rapid sperm migration to the periphery of the plug in the female reproductive tract has been reported (Tyndale-Biscoe & Rodger 1978) , the plug also appears to entrap sperm (Rodger & White 1975 , 1978 , Paris et al. 2004 . Thus, the role of the copulatory plug as a sperm competition barrier remains to be determined and will be the subject of further studies.
The major breeding season, in which . 80% of female tammars undergo postpartum oestrus, is a period of intense competition among males (Renfree & Tyndale-Biscoe 1973 , Flint & Renfree 1982 , Tyndale-Biscoe & Renfree 1987 , Rudd 1994b , M B Renfree & G Shaw unpublished observations). In our study, this coincided with the greatest volume and coagulation of ejaculates, elevated sperm motility and heaviest male reproductive organs. In the non-breeding season, little or no reproductive activity occurs due to a gradual seasonal inhibition of blastocyst reactivation and postpartum oestrus in adult females until the summer solstice (Tyndale-Biscoe et al. 1974) . This period coincides with a significant decline in the weight of nearly all reproductive organs and nearly all semen parameters in the tammar and, like the ram and deer, may represent an energy saving when there is little benefit in maintaining optimal breeding condition (Lincoln & Short 1980) . Unexpectedly in our study, the concentration and number of spermatozoa ejaculated was highest, but most variable, during the minor breeding season. Androgen levels are lower at this time than seen in the main breeding season (Catling & Sutherland 1980) and correspondingly the volume and coagulation of ejaculates and weight of the prostate were lower (this study). Thus the negative effects of dilution and coagulation on the measurement of sperm numbers are less evident. Additionally, in contrast to the major breeding season where most matings occur within a 2-week period (Tyndale-Biscoe & Renfree 1987) , the minor breeding season is less synchronous. The duration of mating activity may extend for 2 -3 months from late September to November and the only females in oestrus at this time of the year are the pubertal females, of which only about half enter oestrus as they reach a minimum body weight (. 2.5 kg) (Williams et al. 1998) . Since males would be expected to mate less, sperm depletion may occur less frequently.
The seasonal changes in the male tract and the resulting changes in semen appear to occur in response to the female, most likely mediated through pheromones (Catling & Sutherland 1980 , Inns 1982 , McConnell et al. 1984 , Jackson & Harder 1996 . Anticipated copulation or the presence of oestrous females is known to result in a rise in plasma testosterone (Katongole et al. 1971 , Jainudeen et al. 1972 , Kamel et al. 1975 , Illius et al. 1976 , and the presence of unfamiliar, more sexually attractive or more promiscuous female fowl (Gallus gallus) results in an increased number of ejaculated spermatozoa (Pizzari et al. 2003) . Changes in semen quality in the tammar may therefore reflect the number of available oestrous females, the level of inter-male competition, or both. Fertile matings can occur year round in the tammar (Tyndale-Biscoe & Renfree 1987), so males are capable of maintaining a baseline level of fertility that enables them to mate opportunistically at any time of the year. However, individual variation in the ability to increase semen output and sperm quality during both the major and minor breeding seasons in response to the availability of oestrous females may confer an advantage in sperm competition to individual males of this species.
